Angiogenesis is the process in which new vessels emerge from existing endothelial lined vessels. This is distinct from the process of vasculogenesis in that the endothelial cells arise by proliferation from existing vessels rather than differentiating from stem cells. Angiogenesis is an invasive process that requires proteolysis of the extracellular matrix and, proliferation and migration of endothelial cells, as well as synthesis of new matrix components. During embryonic development, both vasculogenesis and angiogenesis contribute to formation of the circulatory system. In the adult, with the single exception of the reproductive cycle in women, angiogenesis is initiated only in response to a pathologic condition, such as inflammation or hypoxia. The angiogenic response is critical for progression of wound healing and rheumatoid arthritis. Angiogenesis is also a prerequisite for tumor growth and metastasis formation. Therefore, understanding the cellular events involved in angiogenesis and the molecular regulation of these events has enormous clinical implications. This understanding is providing novel therapeutic targets for the treatment of a variety of diseases, including cancer.
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Whatever the pathologic condition, an initiating stimulus results in the formation of a migrating solid column of endothelial cells called the vascular sprout. The advancing front of this endothelial cell column presumably focuses proteolytic activity to create a defect in the extracellular matrix, through which the advancing and proliferating column of endothelial cells migrates. Behind this advancing front of protease activity, a region of differentiation develops in which the endothelial cells tightly adhere to one another, form a new basement membrane, stop proliferating, and develop a lumen for the new capillary. Fusion of these vascular sprouts establishes blood flow in the newly vascularized region.
The matrix metalloproteinases (MMPs) are a family of extracellular endopeptidases that selectively degrade components of the extracellular matrix. The MMPs are clearly implicated in angiogenesis. The most direct and compelling evidence for this conclusion is that MMP inhibitors, both synthetic and endogenous, inhibit angiogenic responses both in vitro and in vivo (1) (2) (3) (4) . Moreover, recent studies provide evidence that MMPdeficient mice exhibit delayed or diminished angiogenic responses during development or in response to tumor xenografts (5, 6) . While these studies clearly implicate functional MMP activity in the angiogenic response, there is some debate regarding the possible molecular targets that are involved and their precise role in angiogenesis. Moreover, the mechanisms that control and integrate MMP activity with other endothelial cell functions are poorly understood. Such functions include endothelial cell attachment to the extracellular matrix, detachment, and migration/invasion. The temporal and spatial relationships of MMP activity to these endothelial cell functions define the angiogenic phenotype.
Understanding what, where, when, and how MMP activity is involved in the angiogenic phenotype has enormous implications for cancer therapy because angiogenesis is necessary for tumor growth and metastasis. Current therapeutic approaches targeting MMP activity utilize general class inhibitors that are selective, but not specific, for some MMP family members. This has resulted in moderately severe, but reversible, musculoskeletal complications. This experience highlights our need for a better understanding of the specific MMPs and their precise role in the angiogenic response. In this way, we can discern what MMPs to target, and when to target them, with the aim of limiting side effects and possible complications.
The MMPs are a family of secreted and membraneassociated neutral endopeptidases with a diverse spectrum of substrates (7) . These enzymes are produced by a variety of cell types, including epithelial cells, fibroblasts, and inflammatory cells. MMPs reportedly produced by endothelial cells are MMP-1, MMP-2, MMP-9, and MT-1-MMP. Of these, MMP-2 and MT-1-MMP are the most studied for their role in angiogenesis. Very little is known about the specific in vivo substrates for the MMPs. However, from in vitro analysis of protease activity, it is evident that collectively the MMP family can degrade all known extracellular matrix components. These proteases are secreted as zymogens that must be activated in the extracellular compartment. The exception is MT-1-MMP, which is cell surface-bound and is processed prior to cellsurface localization by a furin-dependent mechanism (4, 7). Endogenous inhibitors known as the tissue inhibitors of metalloproteinases downregulate the activity of the MMPs. Currently, this family consists of four members, TIMP-1, TIMP-2, TIMP-3, and TIMP-4. The TIMPs are antiangiogenic but appear to have multiple effects on the angiogenic process and inhibition of MMP activity (1, 2) .
The molecular mechanisms underlying the cellular events of angiogenesis have been examined utilizing a number of in vitro models. These have been helpful in examining the role of proteases in angiogenesis. They include growth of endothelial cells or vascular explants in amnionic membranes, fibrin clots, type I collagen, or basement membrane matrices. In these assays, endothelial cells acquire a migratory or invasive phenotype, reorganize the extracellular matrix, and in some cases recapitulate the tubular morphology of microvessels complete with lumen formation. In many early studies, the extracellular matrix was viewed as a barrier to endothelial cell invasion. The principal role of MMP activity was to remove this barrier and allow endothelial cell migration. Recent studies challenge this notion and suggest that cell-extracellular matrix interactions profoundly influence cell behavior. These interactions not only influence MMP production but are subject to modulation and regulation by MMP activity. In this way, MMP activity can directly and indirectly mediate the angiogenic response.
Treatment of endothelial cells with exogenous pro-MMP-2 induces a dose-dependent morphologic change consistent with an angiogenic response (i.e., tube formation) (8) However, this effect reaches a plateau, and addition of further MMP-2 begins to reverse tube formation. These effects are dependent on MMP-2 activity and are inhibited by TIMP-2. This suggests that exogenous pro-MMP-2 is activated by the endothelial cells. But how do endothelial cells activate pro-MMP-2?
Capillary endothelial cells cultured on twodimensional type I collagen gels produce low, constitutive levels of pro-MMP-2 with little endogenous activation of this protease. However, when placed in threedimensional type I collagen gels, there is a marked increase in pro-MMP-2 steady-state transcript levels (9) . After three days in culture, the increase in MMP-2 secretion and activation is pronounced. This effect on MMP- (9) presents correlative data that supports a direct role for MT-1-MMP in the activation of pro-MMP-2 produced by endothelial cells cultured in three-dimensional collagen I gel. Culture of these cells on or in reconstituted basement membrane did not enhance MMP-2 production or MT-1-MMP-mediated activation. This is an interesting contrast, as many view basement membrane as the first barrier that endothelial cells must cross to initiate an angiogenic response. Are other mechanisms of MMP activation operative in endothelial cells in contact with basement membrane and/or provisional matrix?
When rat endothelial cells are cultured for longer periods (five days) in three-dimensional type I collagen gels, there is evidence of endothelial cell organization into multicellular structures exhibiting lumen formation (9) . Microvessel explants in three-dimensional cultures on type I collagen show evidence of endothelial sprout formation. The organization of endothelial cells into networks and sprout formation in microvessel explants are both inhibited by the inclusion of synthetic MMP inhibitors. It seems apparent that activation of MMP-2 synthesis in this model is mediated by integrin receptors, specifically α2β1. In other systems, αvβ3 has also been implicated in initiating MMP-2 synthesis. However, as Haas et al. point out, the induction of MMP-2 in the rat endothelial cell model is not solely a response to a specific ligand (type I collagen) (9) . The three-dimensional organization of the matrix and the response to mechanical forces in such a matrix are also important components of this response. Changes in cell shape (i.e., mechanical stress) are known to alter transcription of MMPs and other gene products; in fibroblasts, this is mediated by an autocrine mechanism (12) . This raises issues regarding what specific integrin receptors initiate enhanced MMP production on different extracellular matrix substrates, what specific MMP profiles are induced, and how these signals are generated upon initiation of the angiogenic response. Studies described above have focused on the role of MT-1-MMP as an MMP-2 activator in endothelial cell responses to angiogenic stimulation. However, recent findings suggest that, like the serine proteases, the role of specific MMPs may be contextual. Weiss and colleagues (4) used a combined in vitro/in vivo model system to study endothelial cell invasion of fibrin barriers. These investigators found that neoangiogenesis in a fibrin matrix was completely independent of uPA, tPA, or plasminogen, but was blocked by MMP inhibitors TIMP-2 or BB-94. Characterization of the endothelial cell MMP profile under conditions of angiogenic stimulation used in these studies revealed that only MT-1-MMP possessed significant fibrinolytic activity. Transfection and expression of MT-1-MMP in a null cell line (MDCK cells) conferred fibrin-invasive potential to these cells. These findings suggest that the specific role MMPs may play in endothelial cell invasion may rely on the extracellular matrix that composes their environment.
The endothelial sprout might be expected to encounter a variety of extracellular matrices during vessel formation. Certainly, early events during the angiogenic response include detachment of endothelial cells from their underlying basement membrane and interaction with the provisional matrix formed by leakage of fibrinogen from the vascular compartment. After traversing these matrices, one can envision the tip of the endothelial sprout contacting interstitial extracellular matrix composed principally of type I collagen and fibronectin ( Figure 2 ). The studies outlined above suggest that MT-1-MMP activation of pro-MMP-2 is critical for invasion of type I collagen matrix and that MT-1-MMP alone is essential for traversing the provisional matrix surrounding leaky vessels (4, 9) . However, it is not known if other MMPs or protease systems may also contribute to, or compensate for, MT-1-MMP and MMP-2. Consider that MT-1-MMP is only one of four currently known MMPs with a transmembrane domain. We know little about the possible contributions of MT-2-MMP, MT-3-MMP, or MT-4-MMP to angiogenesis.
An exciting finding regarding the role of MMPs in angiogenesis is the association of MMP-2 with the vitronectin receptor αvβ3 integrin. For the first time, a direct link between protease activity and cell-matrix adhesive interactions is established. Brooks and colleagues (13, 14) are the first to report colocalization of MMP-2 and αvβ3 in vessels undergoing active remodeling in response to an angiogenic stimulus. These authors report a direct interaction of MMP-2 with αvβ3 involving the PEX domain of MMP-2 ( Figure 1b) . However, the mechanism of PEX binding to αvβ3 remains unclear because MMP-2 lacks a RGD sequence that is common to many ligands for this receptor. It is also unclear if PEX is the only domain of MMP-2 that is involved in the binding, since a COOH-terminal fragment that extends in the NH 2 -terminal direction to include the flexible hinge region and third type II fibronectin repeat of MMP-2 (referred to as FHEX) binds poorly. This suggests that disruption of the tertiary structure of MMP-2 in the hinge region or fibronectin domain may interfere with binding to αvβ3. Alternatively, the lack of structure at the NH 2 -terminal region of the larger FHEX may result in this hinge region being folded back into the PEX domain, disrupting binding.
The PEX domain lacks MMP-2 activity and competes for MMP-2 binding to αvβ3 (13) . PEX inhibits cell-surface type IV collagenolysis and angiogenesis in the chorioallantoic membrane assay. PEX inhibition of these activities correlates with a reduction of MMP-2 activation in vivo. Only active MMP-2 appears to be localized on the surface of endothelial cells by αvβ3 (14) . In contrast to the MT-1-MMP-dependent binding and activation of pro-MMP-2, interaction of MMP-2 with αvβ3 is independent of TIMP-2 ( Figure 1c) . The question remains, how does the MMP-2 that binds to αvβ3 become activated? The finding that PEX decreased MMP-2 activation is consistent with at least two possibilities. One possible scenario is αvβ3 activates MMP-2 upon binding. The binding of TIMP-2 to the PEX domain of pro-MMP-2 may serve as a model for the activation by αvβ3. Recent studies of TIMP-2 binding to pro-MMP-2 observe an interaction between the inhibitor and the prodomain of MMP-2 (11, 15) . This suggests that in the three-dimensional structure of the pro-MMP-2, the PEX domain may be in proximity with the prodomain. It is possible that upon binding of pro-MMP-2 to αvβ3, there is a disruption in the prodomain that allows autoproteolytic activation of the enzyme to occur. In this model, PEX competes directly for pro-MMP-2 interaction with αvβ3 and thus prevents activation. An alternative mechanism entails MT-1-MMP-mediated activation of pro-MMP-2 and sub-sequent binding of the activated, TIMP-2-free MMP-2 to αvβ3. The use of the PEX mutants that were utilized to define the TIMP-2 binding site on PEX should be useful to determine if the same sites are involved in MMP-2 binding to αvβ3. Alternatively, the influence of TIMP-2 on MMP-2 binding to αvβ3 should determine if similar sites on the PEX domain that bind TIMP-2 are involved in binding to αvβ3. Does TIMP-2 interaction with the PEX domain of MMP-2 compete for binding to the αvβ3 receptor? Is αvβ3-bound MMP-2 inhibited by TIMP-2? Does αvβ3-bound MMP-2 interact with MT-1-MMP?
It is interesting to note that multivalent ligation of the αvβ3 receptor in melanoma cells is known to result in transcriptional activation of MMP-2 and secretion of MMP-2 as well as TIMP-2 (16). In these reports, MMP-2 may facilitate endothelial cell invasion by removing matrix barriers or initiating signaling pathways that promote or support the angiogenic phenotype. Recent findings demonstrate that MMP-2 activity may generate extracellular matrix degradation fragments, leading to signals required for cell survival and/or migration. The selective action of MMP-2 on laminin-5 is known to result in stimulation of mammary epithelial cell migration (17) . This finding suggests that similar MMP-generated degradation products of the extracellular matrix could influence endothelial cell behavior. The αvβ3 integrin is known to mediate endothelial cell survival via an NF-κB-dependent mechanism (18) . Both MMP-2 and TIMP-2 can modulate cell growth (1). Is MMP-2 binding to the αvβ3 receptor the mechanism that alters signal transduction and/or endothelial cell survival and proliferation? Does binding of MMP-2 via αvβ3 alter endothelial cell attachment to the extracellular matrix? Does TIMP-2 suppress endothelial cell growth (1) by competing for MMP-2 binding to αvβ3?
Endogenous PEX is found to accumulate at sites of αvβ3 expression and vessel maturation (13) . This suggests that endogenous PEX acts as a natural inhibitor of MMP-2 cell-surface localization and activation, thereby regulating the invasive behavior of new blood vessels. This mechanism of PEX downregulation of the angiogenic response may follow a number of different scenarios. One possible mechanism is that endothelial cells respond to the reduction of MMP-2-mediated matrix proteolysis by sensing a change in MMP-2 binding to αvβ3, i.e., that PEX binding is not functionally equivalent to MMP-2 binding. This may be through a coreceptor or altered affinity for αvβ3. The change in ligand affinity could alter signal transduction pathways supporting continued endothelial cell invasion. Alternatively, PEX binding may prevent the MMP-2 localization and generation of matrix degradation fragments that supports the angiogenic phenotype or preliminary organization of the matrix. In the absence of MMP-2 activity, the balance shifts in favor of angiogenesis inhibitors. This raises several questions. What is the mechanism for generation of endogenous PEX, and how is this process initiated or controlled? Is this the result of autoproteolytic degradation of active MMP-2, or is some other protease involved? Can the system be manipulated to increase endogenous PEX production and to shut down the pathologic angiogenic response? Interestingly, a recent report describes a COOH-terminal fragment of MMP-11 (stromeysin-3) in culture medium from cocultures of non-small-cell lung cancer cells and normal pulmonary fibroblasts (19) . Like PEX, this naturally occurring MMP fragment has no protease activity. A regulatory role in matrix turnover is suggested, but a specific biologic activity of this 35-kDa COOH-terminal fragment of MMP-11 is not described.
Another possible role for MMPs in the angiogenic response is demonstrated in MMP-9-deficient mice (5). These mice exhibit abnormal growth plate vascularization and ossification. This study demonstrates that the abnormality in the growth plate vascularization in the MMP-9-deficient mice is due to failure to release an unidentified angiogenic factor from the matrix, or alternatively, failure to effect degradation of an angiogenesis inhibitor that is present in the matrix. Similarly, MMP-1, MMP-3, as well as plasmin and heparanase, degrade endothelial-derived perlecan and release bound basic fibroblast growth factor (20) . This potential mechanism of MMP-mediated growth factor release during tumor-induced angiogenesis has long been postulated but remains to be demonstrated.
Interestingly, MMP activity is now thought to be the principal protease activity responsible for generating the potent angiogenesis inhibitor angiostatin (21, 22) . MMPs can degrade plasminogen to generate an NH 2 -terminal fragment that inhibits endothelial cell proliferation and is known as angiostatin. These include MMP-3, Figure 2 Model of tumor-induced changes in extracellular matrix during angiogenesis. Tumor-associated angiogenic factors induced enhanced vascular permeability, resulting in disruption of the subendothelial basement membrane and formation of a fibrin-rich provisional matrix. The endothelial cell responding to this stimulus must traverse not only the subendothelial basement membrane but also this provisional matrix. Moreover, the type I collagen and fibronectin containing interstitial matrix forms a third distinct type of extracellular matrix that endothelial cells recruited to support tumor growth must cross. During the angiogenic response endothelial cells must penetrate several types of extracellular matrix. MMP activity is required for this response. As discussed in the text, the role of specific MMPs, such as MT-1-MMP, may change as endothelial cells come in contact with different extracellular matrix environments. Moreover, the type of extracellular matrix may alter the profile of MMP expression. Studies on these effects may identify extracellular matrix-specific roles for different members of the MMP family. Such information would be useful for selecting the appropriate MMP for targeting with selective synthetic MMP inhibitors. MMPs are involved in more than the breakdown of connective tissue barriers necessary for new vessel formation. They also function to promote angiogenesis by regulating endothelial cell attachment, proliferation, migration, and growth, either directly or by release of growth factors sequestered in the extracellular matrix. Moreover, new evidence suggests that MMPs may also generate or release angiogenesis inhibitors such as angiostatin from the extracellular matrix. MT-1-MMP and MMP-2 are involved immediately at the endothelial cell surface and function immediately in extracellular matrix turnover and regulation of cell-extracellular matrix interactions. These changes in turnover of the extracellular matrix may result in phenotypic changes associated with the angiogenic response. Cells other than endothelial cells (i.e., tumor macrophages) secrete MMP-9 or MMP-12. The action of these proteases may indirectly influence endothelial cell behavior by release of proangiogenic factors, destruction of angiogenesis inhibitors, or generation of matrix fragments that inhibit angiogenesis, i.e., angiostatin or endostatin. MMP activity is an early event in the angiogenic response, and recent findings suggest that this activity may directly influence endothelial cell behavior. New evidence suggests that MMPs may facilitate angiogenesis as well as function to generate angiogenesis inhibitors. Significant effort is directed at identifying the MMPs that mediate the angiogenic response for the purpose of therapeutic targeting of their activity to disrupt tumor neovascularization and subsequent dissemination (metastasis formation). In light of recent evidence demonstrating the dual role for MMPs in angiogenesis, it is imperative that we correctly identify and selectively target the appropriate MMPs. Can we make highly selective synthetic MMP inhibitors that eliminate potential side effects? Or does disruption of noncatalytic activities (i.e., PEX inhibitors) present a safer strategy for targeting angiogenesis? Does upregulation of specific MMP activity to generate endogenous angiogenesis inhibitors present a reasonable alternative? Clearly, MMPs are integral to the process of angiogenesis, but much work is needed to score the most effective therapeutic hit for these moving targets.
